This study aims at improving the MALDI-TOF detection of a phosphorylated peptide containing a cysteine residue by β-elimination of H 3 PO 4 hardly enriched by classical methods. The experimental conditions were optimized on this phosphopeptide (biot-pAdd) and its nonphosphorylated counterpart (biot-Add). The major side-reactions were H 2 S elimination on the cysteine residues and H 2 O elimination on the non phosphorylated serine residue of biot-Add. The former dilutes the MALDI-TOF signal for the desired species. The latter gives a product similar to what is obtained by H 3 PO 4 elimination and should prompt to caution when working with a mixture between phosphorylated and non phosphorylated peptides. Modifications on the solvent, the reaction temperature and time, the nature, and concentration of the base were made. Major improvement of the selectivity of the reaction was observed in 30 % ACN, at room temperature for 4 h. However, these optimizations are specific to these sequences and should be performed anew for different peptides. The selectivity of the reaction towards H 3 PO 4 elimination is improved, but the persistence of side-reactions renders a previous sample fractionation necessary. In these optimized conditions, the ionization enhancement is 3-fold and the detection limits for biot-pAdd are similar to biot-Add (100 fmol).
Introduction P rotein phosphorylation is among the most abundant post-translational modification (PTM) to date [1] [2] [3] and plays a major role in biological functions [4] [5] [6] [7] [8] . Up to a third of human proteins could be phosphorylated at one or several points [9] , mostly on serine (≈90 %), threonine (≈10 %), and tyrosine residues (≈1 %) [10] . Mass spectrometry (MS) is now considered as a powerful analytical tool to study phosphoproteomes because of its high resolution and sensitivity, and its unique ability to determine the phosphorylation sites in a relatively direct fashion. However, the study of phosphorylated species by MS can still not be considered as trivial. The acidic phosphate group hinders the ionization of the molecule in positive ion mode MS. The lability of the phosphate bond leads to prompt fragmentation of the peptide [11] [12] [13] . In matrix assisted laser desorption ionization-time of flight (MALDI-TOF) MS, ion suppression effects further reduce the intensity of the peak of a phosphorylated species when analyzed with non phosphorylated ones [14, 15] . Moreover, the in vivo phosphorylation rates are usually low and lead to low abundant species.
Several methods have been developed to facilitate the detection of phosphopeptides. The first strategy aims at selectively extracting phosphopeptides from a complex mixture using affinity chromatography methods, like immobilized metal affinity chromatography (IMAC) [16] [17] [18] and metal oxide chromatography (MOC) [19] [20] [21] . These two methods show important drawbacks, namely the nonspecific adsorption of acidic peptides on IMAC and MOC phases [22, 23] and the poor purification of basic phosphopeptides [24] [25] [26] [27] .
Another strategy is based on the chemical derivatization of phosphopeptides by β-elimination (BEM) of the phosphate group, leading to an unsaturated residue instead of the initial serine or threonine residue, dehydroalanine and β-methyldehydroalanine, respectively (Supplementary Information Figure S-1). Phosphotyrosine residues cannot be subjected to β-elimination reactions. The thus formed double bond can then be attacked through a Michael addition by a nucleophile bearing a moiety favorable to the MS analysis. This method was first proposed for the identification of glycosylations in proteins [28] before being extended to phosphorylated peptides and proteins [29] .
The first step of the reaction is the removal of the phosphate group by β-elimination in basic conditions (pH9 11.5), which leads to a strong ionization enhancement. The reaction is catalyzed by group II metal ions, and particularly by barium(II) [30] , accelerating the reaction and decreasing isomerization [31] . As such, the base used is commonly a saturated solution of barium hydroxide Ba(OH) 2 . It was also often suggested that adding organic solvent in the reaction medium makes the BEM more efficient. Among them, acetonitrile (ACN), methanol (MeOH), and dimethylsulfoxide (DMSO) are classically used, although less frequently for the last one, less compatible with MS analysis. However, the optimal quantity of organic solvent, and even the advantage it confers, is still under debate. Some authors advocate the use of 15 %-30 % ACN or MeOH [32] , others use a reaction mixture of H 2 O, DMSO, and MeOH (8:3:1 in volume) [31, 33] , while others do not see the need for aprotic solvents like DMSO [34] or even for organic solvent altogether [35] . H. E. Meyer et al. also noted that a percentage of organic solvent could protect the peptide [29] . Finally, the β-elimination is faster for phosphoserine residues than it is for phosphothreonine [31] .
The β-elimination of the phosphate group leads to reactive species (enone types) that are usually further reacted by Michael addition upon attack of nucleophiles [36] , such as amines or thiols, with a strong preference for the latter, more reactive [31, 37] . Alcanethiols have been extensively used [29, 35, 36, [38] [39] [40] , as well as dithiol, leaving a free thiol extremity to label the derivatized peptide with an affinity purification tag [38, [40] [41] [42] [43] . Another effective strategy is to use a thiol substituted with a moiety that enhances the MS signal, like a protonable group [36, [44] [45] [46] or a pre-charged moiety, for example thiocholine [36, 37, 47] . Finally, in MALDI-TOF MS, it was observed that aromatic moieties or residues in a peptide improved its detection [14, 39, [48] [49] [50] . Nucleophiles substituted with aromatic moieties usually allow an intensity enhancement for the derivatized peptide [32, 51, 52] .
The two steps are usually quantitative, in relatively short times (a few hours). Increasing the reaction time often leads to secondary products, through isomerizations for example, and should be avoided [31] . Reported reaction temperatures stand between room temperature (RT) and 70°C. Appropriate time and temperature seem to strongly depend on the sequences of the peptides that are derivatized. The two steps (β-elimination and Michael addition) can be performed simultaneously, when all the reagents are added together, or separately [32] .
The major drawback of this derivatization method is a relative lack of selectivity of the β-elimination for the phosphorylated residues. The O-glycosylated residues lead to the same reaction [28] , with a yield that seems much smaller than that of phosphoserine [30, 39] . More problematic, the cysteine residues are equally derivatized, with rates and yields comparable to that of phosphoserine residues [30] . The β-elimination on a cysteine residue generates a global loss of H 2 S (−34 u.) and, as with a phosphoserine residue, leads to the formation of a dehydroalanine residue which is thus a Michael acceptor. In the majority of studies, cysteine residues are therefore protected, either by acid performic oxidation [40] or by reductive alkylation (iodoacetamide) [53] . It is commonly accepted that this is a sufficient protection and that if derivatization on cysteine residues is still observed, it comes from an incomplete protection rather than a derivatization on protected cysteines [36, 45, 51] . One study observed a β-elimination on an alkylated cysteine [52] . β-Elimination on unphosphorylated serine or threonine residues are usually not observed [29, 30] , but the possibility is considered by some authors [35, 36] and was already reported, even though it is much less efficient than on phosphorylated residues [42, 54] . This would for example prevent the comparison of two phosphoproteomes obtained in different experimental conditions. Furthermore, the derivatization efficiency seems to largely depend on the peptide sequence to derivatize. The reaction is much faster with phosphoserine residues [31, 34] than it is for phosphothreonines. A weaker reactivity of phosphorylation sites next to a proline residue [51] or preceding a glutamic, aspartic acid, or the C-terminus [36] was observed. It is therefore difficult to state universal experimental conditions that would suit all phosphopeptides [32] . This announces foreseeable risks when working on a complex or unknown sample. Furthermore, the Michael addition on the dehydroamino acid followed by reprotonation of the α-center is not stereospecific, leading to a mixture of diastereoisomers [30] . It is possible for the stereoisomers to be separated by HPLC, which will lead to losses in signal intensity in the case of LC-MS analysis [35] .
The goal of the study presented here is to apply the β-elimination strategy alone on a phosphorylated peptide that is hardly purified by TiO 2 or IMAC enrichment procedures, mostly because of its high basicity [25] . In view of this difficulty, β-elimination was chosen as an alternative strategy to improve the detection of this specific phosphopeptide. This peptide, biot-pAdd, is derived from the protein adducin, whose activity is regulated by protein kinase C (PKC) serine phosphorylation. The biot-Add peptide was designed as a substrate of the PKC for in vivo kinase activity studies. The sequence of the phosphopeptide is biotin-G 4 CFRTP p SFLKK-NH 2 . The natural sequence starts at the first F from the N-terminus. A biotin tag was added for purification purposes, and the four G residues serve as spacer. A cysteine residue was also added for coupling of the PKC substrate to vectors in order to carry the biot-Add peptide into living cells. The presence of the biotin tag is not favorable for ionization and further increases the need to improve the detection of this phosphopeptide.
Since the targeted experiments are in cellulo phosphorylations, the lysates obtained after internalization into the cytosol are a mixture of phosphorylated (biot-pAdd) and unphosphorylated (biot-Add) peptides, probably with a large excess of the latter. We thus evaluated the β-elimination strategy on the two separated forms of the peptide as well as on mixtures of both. Optimizations of the experimental conditions were performed, especially with regards to the reaction time, temperature and solvent, and to the nature and concentration of the base that was used. Since this type of peptide sequence is not easily studied by classical phosphoproteomics tools such as IMAC and MOC, the need to develop alternative tools is crucial. However, it presents several features that will also make the BEM reaction more challenging. In particular, the proline residue next to the phosphorylation site will probably hamper the reaction [51] , and the cysteine residue will be highly susceptible to secondary reactions. This study was thus restricted to this particularly challenging sequence. The difficulties to optimally tune the reaction conditions are underlined, as well as the attention that must be paid to secondary reactions.
Experimental
Materials α-Cyano-4-hydroxycinnamic acid (CHCA) was from Sigma (Saint Quentin Villavier, France). Acetonitrile (ACN) HPLCgrade was from VWR Prolabo (Fontenay sous bois, France), deionized water (18.4 MΩ.cm) was obtained from an Elga PURELAB Classic. Poros Oligo R3 reverse-phase material was from PerSeptive Biosystems (Foster City, California, US). GELoader Tips and all the plastic tubes were from Eppendorf.
Fmoc Synthesis of the Peptides
The peptides used in the study (biot-Add: biotin-GGGGCFR TPSFLKK-NH 2 , biot-pAdd: biotin-GGGGCFRTP p SFLKK-NH 2 ) were synthesized by Dr. C. Piesse, (Plateforme d'Ingénierie des protéines, IFR 83, UPMC, France), as described previously [55] . Purity of the peptides was assessed by analytical RP-HPLC and MALDI-TOF MS and was found to be 995 %.
β-Elimination
A solution of Ba(OH) 2 or CsOH, saturated or at the chosen concentration, was prepared in the desired solvent S (H 2 O, ACN 30 % or ACN 50 %). Stock solutions of the peptide in H 2 O (10 -3 M) were diluted in S in order to have the desired concentration in 2 μL. This solution is called P d . The reaction was performed in 20 μL of S to which 2 μL of P d were added. For a kinetic study with n sampling of 20 μL, the reaction was performed in n×20 μL of S with n×2 μL of P d . The β-elimination reaction was performed at the chosen temperature (4°C, RT, 37°C, or 50°C) and for the chosen time (a few minutes up to 4 h30 min) and stopped by addition of 10 μL of formic acid (FA) 100 % for each 20 μL sampling (final FA concentration≈30 %). When S contained ACN, the vials were left open at room temperature for 1-2 h to allow evaporation of the organic solvent. In all cases a desalting step was performed.
Desalting and Concentration of the Samples
Microcolumns packed with Poros oligo R3 resin were prepared as described previously [56] . The bound peptides were eluted directly onto the MALDI target using 0.6 μL of the desired matrix solution.
Alkylation of the Cysteine Residue and β-Elimination
The cysteine alkylation was performed on 50 pmol of peptide. To 20 μL of NH 4 HCO 3 50 mM (pH 8) were added 5 μL of peptide solution in H 2 O (10 -5 M) and 5 μL of dithiothreitol (DTT) 45 mM in NH 4 HCO 3 50 mM (pH8) in order to reduce potential disulfide bridges. The mixture was incubated for 15 min at 50°C and cooled down to room temperature. Five μL of iodoacetamide 100 mM in NH 4 HCO 3 100 mM were added, and the mixture was further incubated for 15 min at room temperature in the dark. The reaction mixture was acidified by addition of 3.5 μL FA (100 %) and desalted as stated previously. The bound peptides were eluted with 2 μL of 50 % ACN. The BEM reaction was then performed according to the protocol described previously.
Mass Spectrometry
CHCA (5 mg.mL -1 ) was dissolved in 50 % ACN, 50 % H 2 O containing 0.1 % TFA. The dried droplet method for target preparation was chosen. Positive and negative ion MALDI-TOF as well as positive ion MALDI-TOF-TOF mass spectra were recorded on the Applied Biosystems (Framingham, MA 01701, USA) 4700 Proteomics Analyzer instrument. MALDI-TOF MS was performed in reflector mode (focus mass at 1800 u) near the threshold of laser fluence. Calibration was performed using external standards (Proteomix4 from LaserBio Labs (Valbonne, France)). MALDI-TOF-TOF experiments were carried out in CID mode with gas (N 2 ,~2× 10 -6 Torr) with collision energy of 1 keV. Typically the precursor ion [M + H] + was selected in a window (−5 u, 5 u) centered on the first isotope. Data Explorer ver. 4.6 software was used to analyze the spectra.
Results and Discussion
The behavior of the phosphopeptide biot-pAdd as well as of its non phosphorylated counterpart biot-Add with regards to β-elimination will be discussed.
β-Elimination on biot-pAdd and biot-Add in H 2 O at 37°C
The β-elimination reaction was performed on the synthetic peptides biot-pAdd and biot-Add in an aqueous solvent saturated with Ba(OH) 2 at 37°C for 1 h. Representative spectra are shown in Figure 1 .
Direct MALDI-TOF analysis of biotpAdd ([M + H]
+ at m/z1759.8, Figure 1a showed the presence of deletion peptides, impurities arising from the peptide synthesis that could not be fully eliminated by HPLC purification. The sequences of these peptides are Ac-GCFRTP p SFLKK- On the biot-pAdd peptide (Figure 1b) , the β-elimination of H 3 PO 4 was observed, leading to the most intense ion at m/z1661.8. From now on, this species will be referred to as {-H 3 PO 4 }biot-pAdd. The reaction was not complete, as shown by the persistence of a low intensity signal at m/z 1759.8. The major secondary reaction was the expected β-elimination of the sulfhydryl group on the cysteine residue, leading to mass losses of 34 u (−H 2 S). In addition to that, many peaks in the 1200Gm/zG 1500 range were observed, that will be termed degradation peptides. They correspond to successive losses of the biotin tag and of the following four glycine residues, with potential H 3 PO 4 and/or H 2 S eliminations. The sequences of the products observed were checked by MALDI-TOF-TOF and are summarized in Supplementary Information Table S-1. These products can be explained either by in-solution reactions or by in-source prompt fragmentations. In solution, the biotin end could be particularly reactive in these experimental conditions, and its loss would result in a weakening of the N-terminal. A particular reactivity of the biotin end arose from the following observations: two analogs of the peptide pair biot-Add and biot-pAdd were also studied. The first one, Add-biot (and pAdd-biot), has the following sequence: The PKC substrate sequence is again the same, with the biotin tag and the four Gly residues at the N-terminus, but with two additional Glu residues on both sides of the four Gly residues. On these analogs, we also observed successive losses of the biotin tag and the consecutive 4-5 residues, regardless of their position on the sequence (N-terminus or C-terminus) or of the fact that the four Gly are directly next to the biotin or separated by a Glu residue or the additional (NH-(CH 2 ) 2 -NH) spacer. The other terminus is never particularly reactive. Regarding possible in-source prompt fragmentations, these peptides with the biotin-G 4 tag fragment very easily in MALDI-TOF-TOF mode (CID activation) at these same positions, showing a susceptibility of these sites to fragmentation, probably thanks to the relatively high proton affinity of the biotin. However, these products were not detected on the spectra before BEM and their intensity increased with the reaction time, seemingly indicating that in-source prompt fragmentation is not the explanation. Moreover, the laser intensity was used near the threshold of the fluence necessary to obtain a signal in order to minimize fragmentation during the MALDI-TOF analysis.
On the peptide biot-Add (Figure 1d) 
Protection of the Cysteine Residue by Alkylation
As was amply suggested in the literature, reductive alkylation with iodoacetamide was performed on the cysteine residue in order to prevent H 2 S elimination. The alkylation reaction was tested on an equimolar mixture of biot-Add (m/z1679.8) and biot-pAdd (m/z1759.8) and analyzed by MALDI-TOF MS (Figure 2b ). The cysteine residue was properly alkylated on both peptides, leading the corresponding species at +57 u, m/z1736.9 for biot-Add and m/z1816.9 for biot-pAdd. The reaction was not complete as shown by the persistence of low intensity signals corresponding to the non alkylated forms, but these species were really minor in the MALDI-TOF spectrum. BEM was then performed on the alkylated mixture (Figure 2c ). The expected products corresponding to the unmodified alkylated biot-Add (m/z1736.9) and to the alkylated biot-pAdd with H 3 PO 4 elimination (m/z1718.9) were observed on the spectrum.
However, the most intense peaks at m/z1645.9 and 1627.9 were already present on the Figure 1c . The species at m/z1645.9 arises from the alkylated form of biot-Add and was formed by BEM on its alkylated cysteine residue, leading to a global loss of HSCH 2 CONH 2 (-91 u) (Supplementary Information Figure S-2) . The species at m/z1627.9 arises either from the alkylated form of biot-Add (double elimination of HSCH 2 Figure 2b , although the alkylation reaction was not complete, the unprotected peptides were minor in the MALDI-TOF spectrum. The high abundance of the products at m/z 1645.9 and 1627.9 after alkylation and BEM (Figure 2c ) can only be explained if the cysteine alkylation was not sufficient to protect the cysteine residues from β-elimination in these experimental conditions.
Rate of the H 3 PO 4 Elimination under Different Experimental Conditions
The impact of modifying the experimental conditions of the BEM was evaluated on the peptides biot-Add and biotpAdd. The reaction solvent was either H 2 O or 30 %ACN. + at m/z 1759.8 is magnified in the inset and (c) after alkylation of the cysteine residues followed by β-elimination reaction in H 2 O saturated in Ba(OH) 2 for 1 h at 37°C on 50 pmol of the mixture. The peptides marked with * result from oxidations
The reaction temperature was 4°C, room temperature (RT, ≈25°C), 37°C, or 50°C. A kinetic study was performed, with reaction times varying from a few minutes to 4h30min. The first parameter studied was the β-elimination of the phosphate group on the peptide biot-pAdd (loss of H 3 PO 4 , -98 u). In order to quantitatively evaluate this reaction, the area of the peak corresponding to the peptide biot-pAdd ([M + H] + at m/z1759.8) was extracted from the MALDI-TOF spectra acquired under the experimental conditions stated before. This area was normalized with the sum of the areas of all the peaks present on the spectrum. For each species, the area of the peak corresponds to the sum of the whole isotopic pattern. The same treatment was performed on {−H 3 PO 4 
}biot-pAdd ([M + H]
+ at m/z1661.8). Figure 3 shows the relative area of the biot-pAdd peptide (Figure 3a ) and of the {-H 3 PO 4 }biot-pAdd peptide (Figure 3b showing that the reaction is not very reproducible. As was expected, modifying the reaction temperature clearly had an impact on the rate of the reaction. At 4°C, even after 4h30min, the biot-pAdd peptide remained abundant (≈30 % of the spectrum). At the three other temperatures, the biot-pAdd peptide could be fully eliminated. The reaction rate increased with the temperature. Regarding the effect of solvents, if the use of 30 % ACN has been reported to increase the rate of the H 3 PO 4 elimination on phosphorylated peptides, we did not observe such an improvement here. Indeed, at 50°C and 37°C, the reaction rate was similar in H 2 O and in 30 % ACN, whereas it was in fact lower in 30 % ACN at RT and 4°C. Figure 3b shows that the disappearance of the biot-pAdd peptide is not correlated only with the appearance of {−H 3 PO 4 }biot-pAdd. The secondary reactions mentioned earlier also occurred. In most of the experimental conditions tested, the relative area of {−H 3 PO 4 }biot-pAdd decreased with time after a maximum, except when the reaction was performed at 4°C or at room temperature in 30 % ACN. In Figure 3b , a striking difference between H 2 O and 30 % ACN as a solvent was this time observed, the relative area of {-H 3 PO 4 }biot-pAdd being consistently higher in the latter. As showed by Figure 3a , this observation should not be mistaken with a higher reaction rate.
Secondary Reactions under Different Experimental Conditions
From Figure 3 , we selected the condition where 30 % ACN is used at room temperature as being the best compromise between the reaction rate ( Figure 3a) and the relative abundance of secondary reactions (Figure 3b) . Indeed, 30 % ACN at 4°C and at room temperature are the only conditions were the relative area of {−H 3 PO 4 }biot-pAdd does not decrease with time after a maximum. Moreover, the reaction rate is much higher at room temperature, which also allows for the highest relative abundance of {−H 3 PO 4 }biot-pAdd. On the contrary, performing the reaction in H 2 O at 37°C allows for a faster kinetic, but a low abundant {−H 3 PO 4 }biot-pAdd product. These two contrasted experimental conditions were thus chosen to be further examined. Figure 4 is centered on these two conditions, 30 % ACN as a solvent at room temperature and H 2 O as a solvent at 37°C, for the peptides biot-pAdd and biot-Add separately. For biot-pAdd (Figure 4a and c) , the selected peaks of interest were biot-pAdd (namely m/z1759.8), {-H 3 PO 4 }biot-pAdd (namely m/z1661.8) and the sum of the secondary (Figure 4b  and d) , the selected peaks of interest were biot-Add (namely m/z1679.8), the sum of the secondary reactions giving products identical to the ones obtained with biot-pAdd (namely isobaric side reactions) and the sum of the secondary reactions giving products that could be distinguished from the ones coming from biot-pAdd (namely nonisobaric side reactions). The already noted difference between these experimental conditions was again obvious. In H 2 O at room temperature (Figure 4c and d) , the biot-pAdd peptide disappeared fairly rapidly, but the area of {-H 3 PO 4 } biot-pAdd remained inferior to the sum of the secondary reactions. For the non phosphorylated peptide, the situation was even worse since the relative area of biot-Add decreased rapidly; the isobaric side reactions were fairly abundant in the spectrum, while they must be suppressed for working with a mixture of the phosphorylated and non phosphorylated forms. Working in 30 % ACN at room temperature dramatically increased the selectivity of the reaction towards the elimination of H 3 PO 4 . The {−H 3 PO 4 }biot-pAdd peptide was this time the most intense species in the spectrum after 1 h, and the biotpAdd peptide was fully eliminated after 4 h30 min. For the biot-Add peptide, the secondary reactions, and in particular the isobaric ones, were this time strongly minimized.
Other experimental conditions were tested but did not improve these results. Using 30 % ACN as a solvent, the concentration of the base Ba(OH) 2 was decreased from saturated conditions (≈0.1 M) to 5 mM. This proved detrimental to the selectivity of the BEM since it favored side reactions. CsOH was also used as a base, from 0.1 M up to 10 M, with no improvement either. Finally, going from 30 % ACN to 50 % ACN in the reaction solvent did not notably modify the outcome in terms of reaction rate and side reactions abundance. . The BEM was not total as shown by the persistence of a low intense signal at m/z1759.8. Few secondary reactions were observed.
The drastic ionization gain is also exemplified by the detection limits available for these peptides in MALDI-TOF MS. In a direct analysis, the detection limit for the non phosphorylated peptide biot-Add was 100 fmol on target while it was 1 pmol on target for the phosphorylated peptide biotpAdd. After BEM, the detection limit for {−H3 PO 4 }biot-pAdd was of 100 fmol. It is thus possible to reach similar detection limits than with the nonphosphorylated peptide.
This study on β-elimination was performed on a phosphorylated peptide with a cysteine residue and on its nonphosphorylated counterpart. This phosphopeptide is very poorly enriched by methods such as IMAC or MOC [25] , and separating it from its non phosphorylated counterpart before MS analysis is therefore difficult. Specific tools addressed to this class of highly basic phosphopeptides are still lacking. It was shown that the cysteine residue in this sequence was particularly reactive towards β-elimination. Although this was not surprising, the fact that the protection of the cysteine residue by alkylation with iodoacetamide led only to minor improvement is more puzzling and should be taken into account when working on a sample without previous knowledge. It would be particularly problematic if the BEM is coupled with a Michael addition intended to tag the phosphopeptides for selective enrichment, since cysteine residues would present a high risk to be enriched as well. Elimination of H 2 O on the nonphosphorylated serine residue was also observed, giving a product similar to the {−H 3 PO 4 } biot-pAdd peptide. This would be overlooked if only mixture of peptides were studied, without having access to the two forms separately. Even though this side reaction was minor, it can prevent the ability to distinguish between elimination involving the serine and the phosphoserine residues. However, most of the biologically relevant studies would imply such a mixture.
Optimizations of the experimental conditions were made that allowed a drastic decrease of these side reactions. The most striking improvement was obtained by performing the BEM reaction in 30 % ACN instead of H 2 O. These conditions were already reported in the literature, but were mostly said to increase the rate of the reaction [31, 32] , and the interest of adding organic solvent is debated [34, 35] . It was once mentioned that ACN protected the peptides [29] . In this study, working in 30 % ACN did not speed up the reaction (Figure 3a) , but dramatically increased the selectivity of the BEM towards the phosphate group (Figures 3b and  4) . To explain the low abundance of the side reactions in 30 % ACN, a polar aprotic solvent, one might argue that in polar protic solvent such as water, hydrogen bonds will stabilize the hydroxyl group of the serine residue, enhancing its leaving ability. -OH is not a good leaving group and will be even less stabilized in ACN than in H 2 O, which might explain the decrease in reactivity of the serine residue. The same stands for the -SH group of the cysteine residue, to a lesser extent. Moreover, the difference of reactivity in these solvents might be explained by differences in peptide structure. We have previously reported an NMR study in 2 % TFA of the peptides biot-Add and biot-pAdd. This study indicated that the presence of the proline residue favored a turn structure and that the phosphate group probably forms a salt bridge with the guanidinium group of the arginine residue.
In addition to a solvent containing 30 % of ACN, optimizations regarding the reaction temperature and time were performed. For these peptide sequences, working at room temperature for 4 h was preferred. In these conditions, the production of {−H 3 PO 4 }biot-pAdd was the major reaction observed on biot-pAdd, and few side reactions occurred on the non phosphorylated biot-Add peptide. The removal of the phosphate group was not easy on this sequence, as shown by the rather long reaction time required. This is probably caused by the turn structure [25] and by the proximity of the proline residue from the phosphoserine residue [51] . It should be again emphasized that the reproducibility of the reaction in the experimental conditions tested was globally low, which should be considered as another reason to be cautious.
Conclusions
The β-elimination is an attractive method in order to improve the MS detection of phosphorylated peptides. Through a simple chemical reaction, it allows the removal of the phosphate group and a strong enhancement in ionization efficiencies. However, the lack of sensitivity of the methods makes it dangerous to use in routine phosphoproteomics analysis. Optimizations were made that enhanced the selectivity of the β-elimination towards the phosphate group with no negative impact on the reaction performance. However, we want to emphasize three conclusions. First, protection of the cysteine residue by alkylation is not sufficient to fully prevent unwanted BEM on this residue. Second, these optimizations on the β-elimination reaction could be extremely dependent on the peptide sequences. Knowing this, it seems difficult to use the BEM strategy on an unknown sample. Third, even with the drastic improvement observed here, the selectivity of the reaction does not seem sufficient to work on a mixture between the phosphorylated and nonphosphorylated forms of this sequence. A previous fractionation of the samples seems to us necessary. When these precautions were taken, the ionization improvement offered by the BEM of the phosphate group was strong (a 3-fold enhancement in the case presented here).
